BACKGROUND: Studies evaluating a relationship of vitamin D in patients with primary melanoma have consistently identified an inverse correlation with Breslow thickness, but an inconsistent impact on survival. Vitamin D in later stages of melanoma has been less studied. METHODS: Vitamin D was measured in serum from 341 patients with resected stage IIB-IIIC melanoma recruited to the AVAST-M adjuvant melanoma randomised trial, collected prior to randomisation, then at 3 and 12 months. Vitamin D levels were compared with patient demographics, known melanoma prognostic factors, disease-free interval (DFI) and overall survival (OS). RESULTS: A total of 73% patients had stage III melanoma, 32% were enroled (and therefore tested) >1 year after primary melanoma diagnosis. 
INTRODUCTION
Vitamin D is a pro-hormone primarily responsible for maintaining calcium and phosphate homoeostasis in the body.
1,2 Its physiological functions include regulation of growth and differentiation in a wide variety of normal and malignant cells. 3 The hormonally inactive pre-vitamin D is obtained from synthesis in the skin on exposure to sunlight and to some degree through diet and supplements. Two hydroxylation steps in the liver and kidney transform pre-vitamin D to the circulating form, 25- Large epidemiological studies have shown that serum vitamin D is inversely related to incidence and mortality of several malignancies. 5 There are reported complex effects of vitamin D signalling through the vitamin D receptor (VDR) and indeed by non-genomic effects, as reviewed by Deeb et al. 6 There are reported effects of vitamin D on cancer cells themselves and via effects on inflammation, T-cell function 7 and the vasculature. 8 Specifically, in vitro and in vivo studies have demonstrated that 1,25(OH)D exerts anti-proliferative and proapoptotic effects on different cancer cell lines. [9] [10] [11] In melanoma, vitamin D has been shown to diminish cell adhesion, migration and growth of melanoma cells in vitro, as well as induce apoptosis.
The relationship between serum vitamin D levels and both melanoma occurrence and prognosis has been investigated in a number of studies. [12] [13] [14] [15] [16] [17] [18] A meta-analysis 14 identified that vitamin D levels at the time of diagnosis were inversely related to primary melanoma Breslow thickness, a well-established prognostic marker. There was no independent relationship between vitamin D and risk of melanoma recurrence, or survival. However, the meta-analysis predates several large-scale vitamin D prospective cohort studies and the three largest of these performed to date involving over 1000 participants each have independently reported an association between vitamin D and melanoma relapse and/or survival. 12, 15, 17 Other reports have suggested a relationship between VDR gene www.nature.com/bjc polymorphisms and melanoma risk 19 as well as disease-specific survival, 20, 21 although these data are not conclusive. Few therapeutic trials of vitamin D supplements have been undertaken to date and have, so far, not shown any reduction in melanoma recurrence or incidence. The Women's Health Initiative randomised controlled trial found no change in melanoma incidence in women who had taken supplements for an average of 7 years. 22 Results are pending for the Mel-D trial investigating adjuvant treatment with vitamin D in patients with resected stage IIB-IIIB melanoma. 23, 24 Most of the data correlating vitamin D levels with melanoma prognosis come from studies performed in patients who recently had a primary tumour resected, most of whom had a high chance of cure from surgery. Studies, to date, have included relatively few patients with resected locoregional melanoma, who are at much higher risk of relapse and death from their disease. We therefore measured serum vitamin D in a cohort of patients from the UK AVAST-M study, which evaluated the role of the VEGF inhibitor, bevacizumab, as adjuvant treatment for patients with resected AJCC stage IIB-IIIC melanoma: a population whose median 5 year overall survival was 64%. 25, 26 
MATERIALS AND METHODS

Study design and patients
The AVAST-M trial was an open-label, randomised controlled phase 3 trial that enroled 1343 patients between 18 July 2007 and 29 March 2012 at 48 UK centres. Eligible patients were at least 16 years old, with histological confirmation of completely resected AJCC (7 th edition) stage IIB-C and IIIA-C melanoma. Patients were randomly assigned to treatment with bevacizumab, 7.5 mg/kg every 3 weeks for 1 year, or observation. Randomisation occurred within 12 weeks of surgical resection. Outcomes included overall survival (OS) and disease-free interval (DFI). Further details and results of the trial are reported elsewhere. 25, 26 We identified patients enroled in the AVAST-M trial with suitable serum aliquots collected after their melanoma surgery and within 28 days of trial randomisation, then at 3 and 12 months (unless relapse occurred before 12 months) for vitamin D testing. The trial protocol required use of concomitant medications, including supplements and complementary therapies, to be recorded at each clinic visit.
Vitamin D measurement
We measured serum 25(OH)D (vitamin D) using liquid chromatography and mass spectrometry on samples collected prerandomisation, then 3 and 12 months after randomisation. Vitamin D results were reported in nmol/L. Statistical analysis A power calculation was performed which suggested that a minimum sample size of 340 patients would be sufficient to detect a standardised difference of 0.3 in vitamin D levels between patient characteristic groups with at least 80% power and a 5% significance level. It was also sufficient to detect a hazard ratio of 0.65 for OS.
Box and whisker plots were constructed displaying the median, interquartile range and ranges for the pre-randomisation vitamin D levels depending on the month of measurement. A generalised linear model was used to assess if the prerandomisation continuous vitamin D levels differed across season, primary melanoma Breslow thickness and presence or absence of ulceration, disease stage at randomisation, time between diagnosis and randomisation, as well as trial arm, after adjustment for pre-randomisation covariates of age, gender and body mass index (BMI), these being factors known to affect vitamin D levels. A log transformation was used to make the assumption of normality more appropriate. DFI was calculated as the time from randomisation until the first tumour recurrence or date of death due to melanoma. OS was calculated from randomisation until the date of death from any cause. A Cox proportional hazards model was fitted to assess the association of vitamin D on OS and DFI after adjustment for pre-randomisation covariates and trial arm allocation. Similar analyses were undertaken for the primary melanoma (stage II) and locoregional disease (stage III) subgroups, although the subgroup sizes were comparatively small: 90 stage II and 251 stage III patients made up the total cohort studied here.
For the patients with vitamin D measured over three timepoints, individual profile plots were generated to identify any patterns in changing vitamin D levels over time. Mixed effects models were used to assess the effects of vitamin D levels over time, accounting for the random variability between patients and the repeated measures. These models were also adjusted for the pre-randomisation covariates of age, gender, BMI and the season when the measurement was taken. Mixed effects models were also used to assess whether vitamin D levels over time differed according to primary melanoma Breslow thickness or ulceration at the time of initial diagnosis or disease stage at randomisation, after adjustment for pre-randomisation covariates and season.
Role of the funding source The sponsor and funder of the study had no role in study design, data collection, data analysis, data interpretation or writing of this report.
RESULTS
Evaluation of pre-randomisation vitamin D levels
A total of 341 patients from the AVAST-M trial had prerandomisation serum available for vitamin D measurements. The demographic and disease characteristics of this sub-group were similar to those for the whole trial population (Table 1 and Corrie et al., 25 ). A total of 251 (73%) patients had stage III melanoma, 137 (40%) had an ulcerated primary tumour and 120 were staged with sentinel lymph node biopsy. Prerandomisation vitamin D was measured in blood collected at trial enrolment, but the primary melanoma Breslow thickness and presence of ulceration were determined at initial diagnosis, which may have been several years prior to AVAST-M trial entry and randomisation in those patients who entered the trial after resection of stage III melanoma: median time from diagnosis to randomisation was 0.47 years, range 0-22.6 years ( Table 1) . Approximately one third (108, 32%) of patients were enroled >1 year after primary melanoma diagnosis.
The median pre-randomisation vitamin D level was 56.5 nmol/L (interquartile range 38.5-76.5 nmol/L; range 12.6-189.0 nmol/L) ( Table 2 ). Pre-randomisation levels were very similar for both resected stage II and stage III subgroups. Twenty-four patients had vitamin D levels <25 nmol nmol/L and an additional 9 patients had vitamin D levels <45 nmol/L during the summer months of July-September. Pre-randomisation vitamin D levels varied according to the month in which the sample was taken. In a generalised linear regression model after adjustment for age, gender and BMI, vitamin D levels varied depending on the season (p < 0.001), with higher levels from July to September (Table 2 ; Table 1) .
Pre-randomisation vitamin D levels varied according to the season of the year, with higher levels during July-September and similar patterns were seen in samples taken at 3 and 12 months. After adjustment for age, gender and BMI, the seasonal variation was statistically significant (p < 0.001), but no variation between the three time-points was observed (p = 0.24). There was also no association between vitamin D levels over time and primary melanoma Breslow thickness 
DISCUSSION
We performed an exploratory study to measure vitamin D in a cohort of melanoma patients who took part in the AVAST-M trial, an adjuvant trial investigating the use of bevacizumab in patients with melanoma at a high risk of recurrence. At the time of initiating AVAST-M, angiogenesis inhibition was a relevant target for cancer adjuvant therapy, including melanoma, based on early signals of efficacy in metastatic disease. 28 Since there was no known pharmacological interaction between bevacizumab and vitamin D, we made use of serial blood samples collected from patients in both the observation and treatment arms and explored relationships of vitamin D with disease characteristics and outcomes after surgery, including disease recurrence and survival. In comparison with primary melanoma populations in whom vitamin D has been studied to date, the sample size of our study was relatively small: 341 patients had available pre-randomisation vitamin D measurements and half of these had subsequent measurements performed during the first year of follow-up. Even so, consistent with the previously reported literature, [29] [30] [31] we found strong evidence that vitamin D varied seasonally, with the highest serum levels from July to September.
In contrast to the larger scale primary melanoma studies, which have reported an association between vitamin D and melanoma relapse and/or survival (Table 5) , our study in patients with predominantly later stage disease showed no evidence that vitamin D was an independent prognostic marker after surgical resection. Our cohort comprised 90 resected stage II and 251 resected stage III patients. Within these smaller subgroups, the findings were no different to the whole population.
Our findings could still be consistent with an anti-cancer effect of vitamin D in the early stages of carcinogenesis, which is lost once the cancer progresses. The genomic effects of vitamin D are mediated when 1,25:dihydroxyvitamin D is bound to a heterodimeric receptor formed from the retinoid X receptor (RXR) and the vitamin D receptor (VDR). 32 Vitamin D is also known to have nongenomic effects. 6 The antiproliferative effects of vitamin D on normal and cancer cells in vitro are well described 10 and there is good evidence that some of those effects at least are mediated by the induction of E-cadherin. 33 Evidence that the majority of the antiproliferative effects are genomically mediated by VDR has been reported after the restoration of growth inhibitory effects of vitamin D in VDR null murine cells, engineered to stably express VDR. 34 The observation of a correlation between vitamin D levels and the thickness of primary melanoma at diagnosis in previously published studies (Table 5) is consistent with the hypothesis that low vitamin D may contribute to the growth of primary melanoma. It is known however that there is progressive loss of expression of VDR with melanoma progression 35 and it is therefore likely that any protective effect of vitamin D on cell proliferation will be diminished or lost in more advanced tumours.
Vitamin D is known to have complex effects on cells and of particular concern for cancer is a wealth of literature suggesting that vitamin D mediates an immunosuppressive effect in humans. 36, 37 We have therefore expressed concern previously that there might be a narrow therapeutic window for a putative beneficial effect of vitamin D in melanoma 38 and the view that a conservative approach to supplementation should be adopted in order to avoid higher serum levels to avoid potential harm. 39 A transcriptomic study 40 reported evidence that higher vitamin D levels in melanoma patients were associated with less proliferative tumour phenotypes and a greater likelihood of a stronger immune gene signature. This is reassuring from a safety point of view, but it remains of concern that in the presence of loss of expression of VDR, higher vitamin D levels might be associated with adverse outcomes for poorer prognosis melanoma patients rather than having a protective effect. In our study, we saw no evidence that higher vitamin D levels were associated with a deleterious effect on survival, although the sample size was quite small.
There is an obvious major difference in our approach compared with previously published series. Compared with most other studies, which measured vitamin D after resection of primary melanoma, in our cohort blood samples were taken predominantly from patients after resection of regional lymph nodes, representing relapse of disease sometimes years after the initial diagnosis and treatment of their primary melanoma. For many of our patients there was ample time for their health behaviour to change between their primary diagnosis and the melanoma event that occasioned trial entry. Vitamin D levels might therefore reflect overall health and modified sun exposure or dietary intake, instead of being a causal factor in melanoma recurrence, while the vitamin D level measured at the time of trial entry may not reflect that at the time of primary melanoma diagnosis when tumour thickness was determined.
Vitamin D levels were higher overall in our cohort compared to the previous studies performed by Newton-Bishop et al. 12 and Saiag et al. 15 : only 7% of our patient cohort would have been classified as vitamin D deficient using a nationally agreed definition of <25 nmol/L. 27 Ten percent of the patients we studied were taking vitamin D supplements. Although only 1 of these patients had Of note, the only significant correlation with outcomes we identified was that higher pre-randomisation vitamin D levels predicted for longer DFI in the bevacizumab-treated stage II patients only. The relevance of this finding is not clear and given the very small sample size, it could be a chance finding. On the other hand, current literature suggests that vitamin D has both anti-angiogenic and pro-angiogenic effects 8 and the fact that this outcome was identified only in the stage II subgroup may be evidence of vitamin D exerting an influential effect in the earlier stages of tumour invasion. In the context of metastatic colorectal cancer, a randomised phase II trial recently reported improved progression-free survival when patients treated with standard bevacizumab + mFOLFOX6 systemic therapy received high versus low vitamin D supplementation. 41 A positive interaction between vitamin D and bevacizumab with therapeutic potential cannot, at this stage, be discounted.
In conclusion, as previously reported, we have shown seasonal variation in vitamin D levels. In contrast to published studies previously describing a relationship between vitamin D and primary melanoma thickness, in this study of 341 patients with later stage resected stage II-III melanoma recruited to the AVAST-M trial, there was no correlation between vitamin D and primary melanoma Breslow thickness, ulceration or disease stage. Overall, Vitamin D levels did not predict for subsequent relapse or survival. These findings contrast with stronger reported associations with melanoma stage at diagnosis and may reflect changes in biological effects of vitamin D at later stages of the disease. The observation of a better DFI in bevacizumab-treated stage II patients with higher levels of vitamin D warrants further exploration before justifying future exploitation.
